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ABSTRACT  We systematically classified goldfish ganglion cells according to their 
spatial  summation properties  using the same techniques  and criteria used in cat 
and monkey research. Results show that goldfish ganglion cells can be classified as 
X-, Y-, or W-like based on their responses to contrast-reversal gratings. Like cat X 
cells,  goldfish X-like  cells  display linear  spatial  summation.  Goldfish Y-like cells, 
like cat Y cells, respond with frequency doubling at all spatial positions when the 
contrast-reversal grating consists of high spatial frequencies.  There is also a  third 
class of neurons, which is neither X- nor Y-like; many of these cells' properties are 
similar to those of the "not-X" cells found in the eel retina. 
Spatial filtering characteristics were obtained for each cell by drifting sinusoidal 
gratings of various spatial  frequencies  and contrasts across the receptive field of 
the cell at a constant temporal rate. The spatial tuning curves of the cell depend on 
the temporal parameters of the stimulus; at high drift rates, the tuning curves lose 
their  low spatial  frequency attenuation.  To explore  this  phenomenon,  temporal 
contrast response functions were derived from the cells' responses  to a  spatially 
uniform field whose luminance varied sinusoidally in time. These functions were 
obtained for the center,  the surround,  and the entire receptive field. The results 
suggest that differences in the cells' spatial filtering across stimulus drift rate are 
due to changes in the interaction of the center and surround mechanisms; at low 
temporal  frequencies,  the  center  and  surround  responses  are  out-of-phase and 
mutually antagonistic,  but  at higher temporal  rates  their responses  are  in-phase 
and their interaction actually enhances the cell's responsiveness. 
INTRODUCTION 
When studying specific retinal functions, the choice of a species has often been dic- 
tated  by convenience  as  much  as by the  questions  being asked.  For example,  the 
responses of the goldfish retina to color have been carefully analyzed because of the 
general similarity of goldfish color vision to that of humans and because of the con- 
venience of the goldfish retina as a physiological preparation.  Although the goldfish 
is often used as a model of vertebrate color vision, the spatial properties of its retina 
have been somewhat ignored.  Much of the work on spatial processing has been car- 
ried out on the cat, whose ganglion cells can be divided into three classes (X, Y, and 
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W)  according  to  the  linearity  of their  spatial  summation  (see  Enroth-Cugell  and 
Robson,  1984).  There have been only a  few attempts to conduct similar investiga- 
tions on goldfish ganglion cells, and the results have often been completely contra- 
dictory.  For example, some reports claim that all goldfish ganglion cells are linear 
(Spekreijse and van den Berg, 1971), while others report that the majority are non- 
linear (Levine and Shefner,  1979). 
The present work attempts to resolve these discrepancies as well as to "bring the 
goldfish  up  to  date"  by quantitatively  assessing  the  spatial  properties of goldfish 
ganglion  cells  using the  same criteria  and  techniques  used on  cat neurons.  Only 
through this kind of assessment can the spatial summation of goldfish ganglion cells 
be  unequivocally  related  to  spatial  summation  in  other  vertebrate  retinae.  Also, 
examining the spatial summation properties of the different classes of goldfish gan- 
glion  cells  may provide valuable information  regarding  the  neuronal  mechanisms 
underlying the organization of the receptive fields; this is similar to the analysis of 
ganglion cells in the cat retina done by Hochstein and Shapley (1976a, b).  From a 
more general perspective, if this classification scheme exists in evolutionarily diverse 
species, such as cat and goldfish, then these properties must constitute a basic prin- 
ciple  by which  visual  systems process  information  and  not just  a  species-specific 
attribute. 
Another aspect of a ganglion cell's spatial processing is its spatial filtering charac- 
teristics. This was examined by measuring each cell's response to sinusoidal gratings, 
of various spatial frequencies and contrasts, drifting across the receptive field at a 
constant temporal rate. Since the general receptive field properties of goldfish gan- 
glion cells are comparable to those of cat ganglion cells, goldfish cells should behave 
like those of the cat and other species. For example, since the center and surround 
arrangement of goldfish ganglion cells is similar to other species, they should pos- 
sess  the  same  spatio-temporal  interactions  (e.g.,  Derrington  and  Lennie,  1982; 
Enroth-Cugell et al.,  1983). 
METHODS 
Preparation and Recording 
Subjects were common goldfish (Carassius auratus) measuring 10-15 cm in length; they were 
maintained in an aquarium with a water temperature of 21 ~  and a  12 h light/dark cycle. 
2-4 h before surgery, the fish was placed in a dark-adaptation tank. This facilitated the retrac- 
tion of the pigment epithelium from the cones, making it easier to separate the retina from 
the pigment epithelium with minimal damage to the cones. After dark-adaptation, the animal 
was  killed  by decapitation,  and  the  eye was  enucleated  and  hemisected.  The  retina was 
removed from the eyecup and placed, receptor side up, on a glass plate within the isolation 
chamber. The isolation chamber was maintained at a constant 17~  throughout the experi- 
ments. A steady flow of moist 100% oxygen was passed through the isolation chamber at a 
constant rate of 75 ml/min (see Abramov and Levine, 1972, for more details). 
Extracellular recordings from single  ganglion cells were made with glass-insulated  plati- 
num-iridium microelectrodes (Wolbarsht and Wagner,  1963)  lowered into the retina, from 
the receptor side;  a  platinum-iridium indifferent electrode was placed on the edge of the 
retina.  Ganglion cell  responses were amplified, monitored with an oscilloscope and audio 
speaker, and were recorded by a computer for analysis. Bilotta and Abramov  Spatial Properties of the Goldfish Retina  1149 
Optical Stimulator 
The optical system consisted of four independent beams joined by mixing cubes and pro- 
jected onto the ganglion cell side of the retina. Three of the beams were used to present 
monochromatic spots and annuli to the receptive field of the cell. (For a complete description 
of the three spectral beams, see Abramov and Levine,  1972.) These stimuli were used to 
determine the spectral characteristics of the cell. 
The fourth beam was used to produce spatial and temporal stimuli. It consisted of a high 
resolution oscilloscope (CRT) (model 606, P31  phosphor; Tektronix, Beaverton, OR) which 
displayed the output of an electronic visual stimulator (Milkman et al., 1978). This stimulator 
was designed to produce sinusoidal gratings whose spatial frequency (cycles/millimeter  on the 
retina), orientation, contrast and temporal frequency were independently  variable. The visual 
stimulator was also capable of producing a grating whose contrast was reversed as a sinusoidal 
function of time (i.e.,  contrast-reversal gratings). The spatial position (spatial phase) of this 
grating on the retina could also be manipulated. Each pattern was modulated around a mean 
luminance to maintain a constant adaptational state. The contrast of the stimulus was defined 
as:  (maximum luminance -  minimum luminance)/(maximum  luminance +  minimum lumi- 
nance). Since the function relating the CRT's light intensity to Z-input voltage was not linear, 
a  linearizing circuit was added to correct this distortion (Harris and Abramov, 1983).  The 
CRT's image entered the optical system's beam splitter and was projected onto the ganglion 
cell side of the retina by a high quality camera lens. The image was restricted to a  7.5 mm 
circular field on the retina and produced a retinal illuminance of 0.2 lm/m  2. The stimulus 
generator was also capable of restricting the stimulus pattern to a central window or to its 
surround while the remaining portion of the display was maintained at the same mean lumi- 
nance. 
Procedures 
Once a cell was isolated, the CRT display was turned on and a few minutes were allowed for 
the retina to adapt to the CRT's illumination. The contrast, spatial frequency and temporal 
frequency of the contrast-reversal gratings were selected by the experimenter to optimize the 
responses of the cell. These gratings were then presented at various spatial phases of the cell's 
receptive field to establish whether a null point could be found; that is, a position at which the 
cell responded as if there were no modulated stimulus. To aid the experimenter, an on-line 
Fourier analysis of the cell's responses to each stimulus was displayed by the computer. 
To determine the cell's spatial filtering characteristics, sinusoidal gratings of various spatial 
frequencies, were drifted across the cell's receptive field at a constant temporal rate (cycles 
per  second crossing the  field).  Each  spatial frequency was  presented at several contrasts. 
Temporal contrast response functions were  determined by presenting a  contrast-reversal 
grating of "zero" spatial frequency (i.e., a spatially uniform field whose intensity was sinusoi- 
dally modulated in time). The stimulus duration was varied to maintain the same number of 
stimulus presentations across temporal frequencies. These stimuli were also presented at var- 
ious contrasts. 
When possible, the various parameters of the different types of stimuli were varied. For 
example, contrast-reversal gratings were presented at several temporal and spatial frequen- 
cies to determine their influence on the spatial summation properties of the cell; and drifting 
gratings were presented at different drift rates to examine the cell's spatio-temporal interac- 
tions. 
For some cells, the spectral characteristics were also examined; monochromatic stimuli of 
450, 510, and 700 nm (all wavelengths were equated for equal quantal content) were pre- 
sented for 1 s to the center (0.63 mm diam spot of light) and surround (annulus with inner 1150  THE JOURNAL OF GENERAL PHYSIOLOGY.  VOLUME 93 ￿9 1989 
and outer diameters of 1.95 and 6.31 mm, respectively) portions of the cell's receptive field. 
These values were sufficient to stimulate either the center or surround mechanism while min- 
imizing the influence of the other mechanism (Daw,  1968).  These three wavelengths were 
presented at several intensities covering the response range from threshold to saturation in 
five approximately equal logarithmic steps. The maximum intensity corresponded to 2.75  x 
1012 quanta/cm2/s. Because the c/s peak of the long-wavelength cones (L-cones) is located at 
~420 nm, these three wavelengths represent  isoabsorption points for the L-cones (Harosi, 
1976). Therefore, if only L-cones were present, then the responses at these three wavelengths 
would be identical. This allowed the experimenter to identify quickly the spectral characteris- 
tics of the cell. Cells were classified as spectrally opponent if there was a change in response 
sign across the three wavelengths (e.g., oN-excitation at one wavelength and OFF-excitation  at 
another).  If there was no change in response sign across the wavelengths, then the cell was 
classified as spectrally nonopponent  (see  Abramov,  1972).  Each cell  was also classified as 
either red-oN, red-OFF, or ON-OFF based on the response to a 700 nm spot presented to the 
cell's receptive field center (see Mackintosh et al.,  1987, for details). 
RESULTS 
Spatial Summation 
Spatial  summation was tested by presenting a  contrast-reversal  grating at different 
spatial  phases  across the receptive field of the ganglion cell. The grating's contrast 
was  reversed  according to a  specified  sinusoidal  temporal  function.  The  temporal 
function was divided into discrete time bins and the cell's responses to each reversal 
cycle were  superimposed  to  provide  the  average  number  of spikes  per  time  bin. 
These  values were  converted  into  spike  rates  and  the  response  amplitudes  of the 
first ten harmonics were derived from a  discrete Fourier transform. 
X-like cells. For a cell to be classified as X-like, three criteria had to be met: (a) 
there must have been a  spatial position at which there was no response to the con- 
trast-reversal  grating  (i.e.,  a  null  point);  (b) when  the  grating was  positioned  away 
from the null point, the response was modulated at the same frequency (f) as the 
contrast-reversal;  and  (c)  the  amplitude  at f  was  a  sinusoidal  function  of spatial 
phase. 
27  (21%)  of a  total  of 126  ganglion cells  successfully isolated  were classified  as 
X-like.  Fig.  1  illustrates  the  presence  of a  null  point  and  the  dependence  of the 
response on spatial phase for one of these cells. The spatial frequency of the grating 
was  1.52 cy/mm, the contrast was 6%, and the contrast-reversal  rate was 4  Hz. The 
abscissa represents one reversal cycle of the stimulus grating (250 ms). The stimulus 
cycle was divided into 30 discrete time bins (8.3 ms each), and the response reflects 
the average rate per time bin. Fig. 1 a  shows the averaged response of the cell to the 
stimulus positioned at the midpoint of the receptive field. At this position, there was 
no response to the grating. As the grating was positioned away from this null point, 
in either direction,  the cell responded at the same temporal frequency modulation 
as the stimulus' cycle reversal; the response amplitude  also increased as the grating 
was  positioned  farther  away from  the  null.  Note  that  the  temporal  phase  of the 
responses  (with  respect  to  the  stimulus)  on  one  side  of the  null  point  was  180 
degrees out-of-phase with the responses on the other side of the null point. 
Fig.  2  shows  the  relative  amplitudes  of the  fundamental  and  second harmonic Bilotta and Abramov  Spatial Properties of the Goldfish Retina  1151 
components of the response as a function of spatial phase in the same cell as above. 
The amplitude of the fundamental component was a sinusoidal function of the spa- 
tial  phase  of the  stimulus  grating.  Since  the  responses  on  either  side  of the  null 
point  were  180"  out-of-phase,  one  side  was  arbitrarily  designated  as  a  positive 
response and the other side as a negative response. The curve represents the best fit 
sinusoid. 
For X-like cells, the presence of a  null point was tested at various spatial frequen- 
cies,  temporal  frequencies,  and contrasts; these parameters  did not affect the exis- 
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FIGURE 1.  Averaged responses of an X-like cell (C30A) to a contrast-reversal grating at var- 
ious spatial positions on the receptive field. The stimulus consisted of a contrast-reversal grat- 
ing with a spatial frequency of 1.52 cy/mm, at 6% contrast, and sinusoidally modulated at a 
rate of 4 Hz. The value above each graph refers to the position of the grating, in degrees, on 
the receptive field of the cell; zero degrees is the midposition or "null point." The number of 
stimulus presentations per graph was 54. The upper-left illustration shows one complete con- 
trast-reversal cycle of the stimulus.  No spectral information was obtained on this cell. 
tence of a  null point in these cells. The ratio of the second harmonic to the funda- 
mental  component (2f/f)  was a  good indicator of the dominant component in the 
response  (Hochstein  and  Shapley,  1976a).  This  ratio  was always less  than  one for 
X-like cells, indicating that the response was dominated by the fundamental compo- 
nent. 
Y-like cells.  A  cell was classified as Y-like if a null point could not be found and 
the cell responded  to a  contrast-reversal  grating at double the temporal frequency 1152 
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FIGURE 2.  Relative  ampli- 
tudes  of the  first  two  Fourier 
components  of an X-like cell's 
responses  to  a  contrast-rever- 
sal grating as a function of spa- 
tial phase of the stimulus.  The 
cell  (C30A)  and  the  stimulus 
parameters  are the same as in 
Fig.  1.  Circles  refer  to  the 
amplitude  of the  fundamental 
component  of  the  response; 
triangles  represent  the  re- 
sponse  amplitude  of  the  sec- 
ond  harmonic  component. 
The  curve  is  the best  fit sinu- 
soid to the data. 
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FIGURE 3.  Averaged responses  of a  Y-like cell (C32A)  to two contrast-reversal  gratings at 
various  spatial  positions  on  the  receptive field.  For both  spatial  frequencies,  the contrast- 
reversal rate was 4  Hz and maximum contrast was at 25%. The values above each graph refer 
to the position of the grating, in degrees, on the receptive field; zero degrees represents the 
best estimate of the midposition of the receptive field. The two spatial frequencies were 3.05 
cy/mm (a, c, and e) and 0.38 cy/mm (b, d, and f). The number of stimulus presentations per 
graph was 37. The bottom illustrations show one complete contrast-reversal cycle of the stim- 
ulus.  Spectral classification: red-oN center, spectrally opponent. Bilotta and Abmmov  Spatial Properties of the Goldfish Retina  1153 
at all spatial phases. These criteria had to be satisfied at high,  but not necessarily at 
low spatial  frequencies.  At low spatial frequencies,  the responses  of the small non- 
linear subunits  found in Y cells are overshadowed by the contributions  of the larger 
center and surround  mechanisms  (Hochstein  and Shapley,  1976a). 
53 (42%) of 126 ganglion cells isolated were classified as Y-like. Figs. 3 and 4 show 
a  typical Y-like cell's response  to a  contrast-reversal  grating at two different  spatial 
frequencies.  The gratings  were presented  at 25% contrast with a  reversal rate of 4 
Hz. At high spatial  frequencies  (e.g.,  3.05  cy/mm), the cell  responded  at twice the 
stimulus  temporal frequency at all spatial phases (Figs.  3, a, c, e, and 4 b). However, 
at low spatial frequencies  (e.g., 0.38  cy/mm) a  null point was found  (Fig.  3 d). This 
cell had a  zero spontaneous  rate so there were no spikes recorded at the null point. 
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FIGURE 4.  Relative  ampli- 
tudes  of  the  Fourier  compo- 
nents  of  a  Y-like  cell's 
responses  to  a  contrast-rever- 
sal grating as a function of spa- 
tial phase for each of two dif- 
ferent spatial frequencies.  The 
cell  (C32A)  and  the  stimulus 
parameters were the same as in 
Fig. 3. The spatial frequencies 
were 0.38 cy/mm (a) and 3.05 
cy/mm (b). Circles refer to the 
amplitude  of the  fundamental 
component  of  the  response; 
triangles  represent  the  ampli- 
tude  of the  second  harmonic 
component.  Only  the  funda- 
mental component is shown at 
the  lower  spatial  frequency; 
see text for details.  The curve 
is  the  best  fit  sinusoid  to  the 
data. 
(Not all Y-like cells had a  zero spontaneous  rate; there was no apparent relationship 
between  the cell's spatial summation class and its spontaneous  rate.) 
Fig.  4  shows  the  relative  amplitudes  of the  fundamental  and  second  harmonic 
components of the response,  from the same cell as in Fig. 3, as a  function of spatial 
phase at a  high spatial frequency (Fig.  4 b), and the fundamental  component ampli- 
tude  as  a  function  of spatial  phase  at  a  low  spatial  frequency  (Fig.  4 a).  Positive 
responses  were again arbitrarily assigned to one side of the null position and nega- 
tive responses  to the other side.  The curve represents  the best fit sinusoid.  At high 
spatial frequencies,  the second harmonic component dominated  the response.  Note 
that  the  second  harmonic  amplitude  did  not  depend  on  the  spatial  phase  of the 1154  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY. VOLUME  93.  1989 
stimulus.  Also,  there was no  phase shift in  the  second harmonic component with 
spatial phase; hence all responses were arbitrarily designated as positive. The funda- 
mental component, at high spatial frequencies was very weak; however, it was still a 
sinusoidal function of spatial phase. 
At low spatial frequencies,  Y-like cells displayed X-like characteristics  (e.g.,  Fig. 
4 a). The fundamental component dominated the response,  a  null  point could be 
found, and the amplitude of the fundamental component was a sinusoidal function 
of spatial phase. The second harmonic component of the responses of this cell is not 
shown since it was somewhat distorted due to the fact that this cell had a  sponta- 
neous rate of zero. 
The 2f/f ratio varied as a function of the spatial frequency of the grating in Y-like 
cells.  At low spatial  frequencies,  the  ratio was  less  than  one.  However, as  spatial 
frequency increased so did the 2f/f ratio. At high spatial frequencies, this ratio typ- 
ically  reached  values  of  two  to  three  or  even  higher.  Clearly,  the  mechanisms 
responsible for the nonlinearities  in Y-like cells were responsive primarily to high 
spatial frequencies. These findings were robust across various temporal frequencies 
and contrasts, including low contrasts. 
W-like cells. Cells  that did not  satisfy the  criteria  for X- or Y-like cells were 
classified as W-like. 46 (37%) out of 126 cells were classified as W-like. Fig.  5  illus- 
trates  a  W-like cell's response  to  a  contrast-reversal  grating of  1.52  cy/mm. The 
stimulus was presented at 6% contrast, with a  reversal rate of 4  Hz. The responses 
of this and other W-like cells to a  contrast-reversal grating contained both funda- 
mental and second harmonic components. At spatial phases away from the "null" 
position the fundamental component dominated (Fig.  5, a  and c).  However, as the 
spatial phase of the grating approached a point midway between those extremes, a 
doubling of the response occurred, indicating domination by the second harmonic 
component (Fig. 5 b).  Fig. 5 d shows that the fundamental component was, again, a 
sinusoidal  function  of spatial  phase;  it also  shows  a  relatively strong second  har- 
monic component, compared with X-like cells, across all spatial phases. Once again, 
positive and negative responses were arbitrarily assigned and the curve represents 
the best fit sinusoid. 
The 2f/f ratio of W-like cells was never as high as in Y-like cells. Also, the general 
response characteristics of W-like cells were independent of spatial frequency. This 
implies that the mechanisms responsible for the nonlinearities in W-like cells are not 
the same as in Y-like cells, since Y-like cells behave linearly at low spatial frequencies 
and W-like cells do not. 
Spatial and Temporal Tuning 
To examine the spatial filtering characteristics of each cell, sinusoidal gratings were 
drifted across the receptive field at a  constant temporal frequency.  For most cells, 
the sensitivity at each spatial frequency was derived by interpolation on the response 
vs. contrast curve to find the contrast necessary for a constant response amplitude. 
However, since most cells responded linearly up to moderate contrasts,  responses 
within  the linear range could also be used directly as a  measure of sensitivity. To 
illustrate the linear response range of an X-like cell as a  function of stimulus con- 
trast,  Fig.  6  shows the  amplitude of the  fundamental  component of the  response Bilotta and Abramov  Spatial Properties of the Goldfish Retina  1155 
plotted  against  contrast for each of several  spatial  frequencies.  The values at zero 
contrast represent  the amplitude of the fundamental component to a  stimulus with 
no modulation around mean luminance; this was a measure of the cell's noise level. 
Virtually all cells examined, regardless of type, responded linearly up to at least 13% 
contrast.  However,  to  be  strictly  correct,  functions  derived  directly  from  the 
response measure will be designated as log relative "response" rather than "sensitiv- 
ity" on the ordinate. 
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FIGURE 5.  Averaged responses of a W-like cell (C27A) to a contrast-reversal grating at vari- 
ous positions on the receptive field.  The stimulus consisted of a contrast-reversal grating of 
1.52 cy/mm, at 6% contrast, modulated at a rate of 4 Hz. The values above each graph (a, b, 
and c) refer to the position of the grating, in degrees, on the receptive field; zero degrees 
represents the best estimate of the midposition of the receptive field. The number of stimulus 
presentations per graph was 37. The bottom illustration shows one complete contrast-reversal 
cycle of the stimulus, d shows the relative amplitudes of the Fourier components of the cell's 
responses to a contrast-reversal grating as a function of spatial phase.  Stimulus parameters 
were the same as in a, b, and c. Circles refer to the amplitude of the fundamental component; 
triangles represent the amplitude of the second harmonic component. The curve is the best 
fit sinusoid to the data. Spectral classification: ON-OFV, spectrally opponent. 
X-like cells.  Since X-like cells display linear spatial summation and the response 
is  dominated  by the  fundamental  component,  the  amplitude  of the  fundamental 
component was used as the response measure.  Fig. 7 shows a typical spatial contrast 
sensitivity function from an X-like cell (the cell is the same as in Fig. 6). The stimulus 
grating drifted across the receptive field at a rate of 4  Hz. The shape of the function 
was  similar  to  those  obtained  in  other species:  there  was a  sharp  high  frequency 
drop,  as  well  as  the  low  frequency attenuation  believed  to be  due  to  the  mutual 
antagonism of the center and surround portions of the cell's receptive field. 1156 
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FIGURE 6.  Response vs. contrast curves o1 an X-like cell (C23A) at several spatial frequen- 
cies. The response measure was the amplitude of the fundamental component. The stimuli 
were sinusoidal gratings of (a) 0.19, (b) 0.38, (c) 0.76, and (d)  1.52 cy/mm, drifting at 4  Hz. 
The dotted lines represent the amplitude of the fundamental component when a grating of 
zero contrast was presented; they are measures of the cell's noise level. Spectral classification: 
red-ON center, spectraUy opponent. 
The  spatial  contrast  sensitivity functions  obtained  from  single  neurons  in  the 
goldfish  are  qualitatively  similar  to  psychophysical  functions  from  this  species 
(Northmore and Dvorak,  1979). The peak of the psychophysical function is at -0.3 
cy/deg and the acuity limit, or the highest frequency detectable at 100% contrast, is 
between  1  and  2  cy/deg.  To  compare  the  physiological and  psychophysical func- 
tions, cycles per millimeter on the retina were converted to cycles per degree, using 
values  from  a  schematic  eye  of  the  goldfish  (Charman  and  Tucker,  1973).  The 
appropriate conversion value is -19  deg/mm  (see Bilotta,  1987,  for more details). 
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FIGURE 7.  Spatial contrast sensitiv- 
ity function  of the  same  X-like cell 
(C23A)  shown  in  Fig.  6.  The 
response measure was the amplitude 
of the fundamental component. The 
stimuli were gratings drifting at 4 Hz; 
the number of stimulus presentations 
per  point  was  30.  Sensitivity  was 
obtained  by  interpolation  on  the 
01~  0.'38  O.'r6  1.'52  3.'05  response  vs.  contrast curves  to  find 
the contrast necessary for a constant 
Spatial  Frequency  (cycles/mm)  response amplitude. Bilotta and Abramov  Spatial Properties of the Goldfish Retina  1157 
Extrapolating from the cell's function in Fig. 7, the acuity limit is between 12 and 20 
cy/mm. This converts to between  0.6  and  1.0 cy/deg, which is close to the behav- 
ioral  limit.  However,  the peak of the cell's function is at  ~0.8  cy/mm, which con- 
verts to 0.04 cy/deg, well below the behavioral peak. 
Fig. 8 shows the spatial contrast response curves of several X-like cells obtained at 
a drift rate of 4  Hz. At high spatial frequencies,  these cells were similar in response; 
however,  two of the cells  (Fig.  8, b and d)  did not appear  to possess  any low fre- 
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FIGURE 8.  Spatial contrast-response curves of several X-like cells. The response measure for 
each cell was the amplitude  of the fundamental component.  In all  cases, the stimuli were 
gratings drifting at 4 Hz. The grating contrasts were 6% in a,  13% in b and c, and 25% in d. 
No spectral information was obtained on the cells  in a  (C30A) and b (C30B); the cell  in c 
(C36A) was a  red-ON center,  spectrally nonopponent cell,  while the cell in d  (C38D) was a 
red-OFF center, spectrally nonopponent cell. 
quency attenuation.  It is  worth  noting that  these  two cells  also did  not possess  a 
surround  mechanism;  that  is,  they were  spatially  nonopponent.  This  supports  the 
notion that the low frequency attenuation  found in neurons is a  result of an antag- 
onistic  interaction  between  the  center  and  surround  portions  of  the  receptive 
field. 
To  examine  the  spatio-temporal  interactions  in  goldfish  ganglion  cells,  spatial 
contrast  response  functions were  obtained  at  different  drift  rates.  The results  for 
one X-like  cell  are  shown  in  Fig.  9.  Functions were  obtained  for gratings  of 13% 1158  THE JOURNAL OF GENERAL PHYSIOLOGY.  VOLUME 93.  1989 
contrast drifting at rates of 1, 4, and 8  Hz; all values were normalized with respect 
to one  maximum  value.  The  shape  of the  spatial  tuning curves depended  on  the 
drift  rate  of the  stimulus,  but  only at  low spatial  frequencies.  At high spatial  fre- 
quencies, the three functions were very similar; the curves deviated only at low spa- 
tial  frequencies.  At  the  lower drift  rates  of 1  and  4  Hz,  there  was  a  decrease  in 
response to low spatial frequencies.  However, at 8  Hz there was less low frequency 
attenuation. 
In cat, the differences in the spatial contrast sensitivity functions across drift rates 
appear to reflect changes in the temporal interactions between the center and sur- 
round mechanisms  (Hochstein and Shapley,  1976a, b).  To examine the center and 
surround  interactions  in  more  detail,  temporal  contrast  response  functions  were 
obtained  from the  entire  receptive  field  as well  as  from the  center  and  surround 
areas separately.  Fig.  10 shows typical results.  The response measure was the ampli- 
tude of the fundamental component; all points were normalized with respect to one 
maximum value. The full-field stimulus consisted of a spatially uniform circular field 
(7.5  mm diam)  whose  intensity varied  sinusoidally  in  time  to a  maximum  of 25% 
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FIGURE 9.  Spatial  contrast  re- 
sponse  functions  of  an  X-like  cell 
(B99B)  at  different  stimulus  drift 
rates. The response measure was the 
amplitude  of the  fundamental  com- 
ponent.  The  stimuli  consisted  of 
gratings of 13% contrast drifting at 1 
(circles),  4  (triangles),  and  8  Hz 
(squares).  Each value was normalized 
with respect to one maximum value. 
The  number  of  stimulus  presenta- 
tions for each point was 20. No spec- 
tral information was obtained on this 
cell. 
contrast.  The "center"  function was derived with the temporally modulated stimu- 
lus restricted to a  1 mm by 1 mm square while the remaining portion of the field was 
maintained at the same mean luminance as the center; for the "surround" function, 
the modulated stimulus was restricted  to the surrounding portion of the field with 
the center square maintained at mean luminance. 
It should be pointed out that because the center and surround mechanisms over- 
lap spatially,  it is impossible to stimulate  the entire area of one without stimulating 
the other; any spot that stimulates  the center mechanism must inevitably stimulate 
the middle portion of the surround mechanism.  The values used here were simply 
intended to maximize the influence of one area while minimizing the input from the 
other. As can be seen,  at low temporal frequencies,  the center and full-field values 
are similar while the surround values are much lower. But, at these low frequencies 
the center is somewhat more responsive than  the full field,  due to the antagonism 
between  the  center  and surround  mechanisms when  the entire  field is  stimulated. 
However,  as  temporal  frequency increases,  the  response  of the  surround  mecha- 
nism increases,  and actually peaks at a  higher temporal  frequency (8 Hz)  than  the Bilotta and Abramov  Spatial Properties of the Goldf~h R~ina  1159 
center mechanism (2-4 Hz). Thus, the surround is quite responsive at higher tem- 
poral  frequencies,  and  in  fact,  appears  to be  as  responsive  as  the  center  at  high 
frequencies.  Also, at a  temporal  frequency of 8  Hz, the cell is more responsive to 
the  full-field stimulus  than  either  the  center  or surround  portions  separately;  this 
suggests  that,  under  these  conditions,  not  only is  there  no  center  and  surround 
antagonism, but that these mechanisms must be synergistic. 
Some of the differences among the above functions can be explained by compar- 
ing the differences in phase lag between the center and surround responses.  In Fig. 
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FXGURE 10.  (a)  Temporal 
contrast response functions of 
the  entire  receptive  field  (c/r- 
des),  the  center  mechanism 
(tr/ang/es),  and  surround 
mechanism  (squares)  of  an 
X-like  cell  (C42E).  The 
response  measure  was  the 
amplitude  of the  fundamental 
component.  The  full-field 
stimulus consisted of a spatially 
uniform  field  (7.5  mm  diam 
circle)  whose  intensity  was 
modulated sinusoidally in time. 
The  center  function  was 
derived  with  the  modulated 
stimulus  restricted  to a  1 mm 
by 1 nun square  in the center 
of the field,  and the surround 
values were obtained with  the 
modulated  stimulus  restricted 
to  the  area  surrounding  that 
space; in both cases the luminance of the unmodulated area was the same as the mean lumi- 
nance of the modulated area. All values were normalized with respect to one maximum value. 
The contrast for each stimulus was 25% and the number of stimulus presentations per point 
was 30. (b) Difference in phase lag, relative to the stimulus, of the fundamental component of 
the responses of the center and surround portions of the receptive field.  Each value repre- 
sents the difference between the phase lags during center stimulation and during surround 
stimulation of the receptive field.  Spectral classification: red-oFl~ center, spectrally nonoppon- 
ent. 
10 b, each point represents  the temporal phase difference, with respect to the stim- 
ulus,  between  the  cell's responses  when  the  middle  portion  of the  field  ("center" 
mechanism)  is  modulated  and  when  the  outer  portion  of the  field  ("surround" 
mechanism) is modulated.  In other words, each point is the phase lag of the center 
mechanism's response  to the stimulus minus the phase lag of the surround mecha- 
nism's response. At low temporal frequencies,  the phase lag difference between the 
center and surround mechanisms is about 180~  thus, they are mutually antagonistic. 
However, as the temporal frequency of the stimulus increases,  the phase lags of the 1160  THE JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  93  ￿9  1989 
center  and  surround  mechanisms  also  change  but  at  different  rates.  At  8  Hz  the 
center  and  surround  responses  are  roughly  360 ~ apart  and  are  now  in-phase  and 
actually synergistic;  their interaction  now increases  the cell's responsiveness. 
Y-like cells.  Since the spatial  summation of Y-like cells is nonlinear,  the ampli- 
tude  of the  fundamental  component  is not always appropriate  as a  response  mea- 
sure.  Although  the  fundamental  component  provided  a  means  to  compare  the 
linear components  of the responses  of Y-like and X-like cells, it did not completely 
describe  the response pattern  of Y-like cells. To illustrate  the presence of a  nonlin- 
ear response component  in Y-like cells,  Fig.  11  compares a  Y-like cell's spatial con- 
trast sensitivity function based on the fundamental  component of the response with 
one based on the maximum response  minus the minimum response  (i.e.,  the peak- 
to-peak amplitude  of the response).  The drift rate of the grating was 4  Hz. 
The cell's sensitivity values determined  from the fundamental component and the 
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FIGURE 11.  Spatial  contrast  sensi- 
tivity  functions  of  a  Y-like  cell 
(C37C). The response measures were 
the  amplitude  of  the  fundamental 
component  (circles)  and  the  maxi- 
mum response  minus  the  minimum 
i\  response (triangles). The stimuli con- 
i\  sisted of gratings drifting at 4 Hz; the 
number  of  stimulus  presentations 
per  point  was  76.  Sensitivity  was 
"-  obtained  by  interpolation  on  the 
response  vs. contrast  curves  to  find 
"~',,  the contrast necessary for a constant 
response amplitude. Spectral classifi- 
"'  cation:  red-ON  center,  spectrally 
0.'ig  0.'88  0.Te  1.'52  3.05  e.'lo  1212  nonopponent. 
Spatial  Frequency  (cycles/ram) 
maximum-minimum  response  were  similar  at low  to moderate  spatial  frequencies, 
but  not  at high  spatial  frequencies.  Based  on  the  fundamental  component  of the 
response  the  cell  was  relatively  insensitive  to  gratings  higher  than  3.05  cy/mm, 
whereas the maximum-minimum response shows that the cell was still responsive at 
these values. The differences no doubt reflect the presence  of small nonlinear  sub- 
units similar to those found in cat Y cells (Hochstein and Shapley,  1976b).  But, since 
the  function  for the  fundamental  component  is similar  to  those  shown  earlier  for 
X-like cells, it appears that the fundamental  components of both X- and Y-like cells 
are  the  result  of comparable  interactions  of the  responses  of the  center  and  sur- 
round mechanisms of the receptive field. It is also interesting to note that the spatial 
resolution,  based on the linear response component,  of goldfish X- and Y-like cells 
is similar; this is not the case with cat ganglion cells. 
Like X-like cells, the Y-cells' spatial tuning depended  on the drift rate of the stim- Bilotta and Abramov  Spatial  Properties of the Goldfish Retina  1161 
ulus grating.  Fig.  12 compares the spatial  contrast sensitivity  functions  of a  Y-like 
cell at different stimulus drift rates. The response measure was the amplitude of the 
fundamental  component and all values were normalized with respect to one maxi- 
mum value. Although the  1- and 4-Hz functions differ in terms of absolute sensitiv- 
ity (i.e.,  the cell is more sensitive overall to the temporal rate of 4  Hz) the shape of 
the  two  functions  is  similar  (they  superimpose  on  one  another).  However,  there 
were dramatic changes in the shape of the function at the 16-Hz drift rate, primarily 
at low spatial frequencies.  Increasing the stimulus drift rate decreased the degree of 
low frequency attenuation  in the function. 
To  examine  the  temporal  properties  of the  Y-like  cells'  receptive  field  mecha- 
nisms,  temporal  contrast  response  functions were determined  for the center,  sur- 
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FIGURE 12.  Spatial  contrast  sensi- 
tivity functions of a Y-like cell (C37B) 
at different stimulus drift rates.  The 
response measure was the amplitude 
of the fundamental component. The 
stimuli consisted of gratings drifting 
at  1 (circles), 4 (triangles), and 16 Hz 
(squares).  The  number  of  stimulus 
presentations per point was 60. Sen- 
sitivity was obtained by interpolation 
on the response vs. contrast curves to 
find the contrast necessary for a con- 
stant response amplitude. Each sensi- 
tivity  value  was  normalized  with 
respect  to one  maximum value.  No 
spectral  information  was  obtained 
for this cell. 
round, and full field.  Fig.  13 shows typical results.  As in X-like cells, the center and 
surround mechanisms are mutually antagonistic at low temporal frequencies; that is, 
the cell  is less responsive  to full-field stimulation  than  to stimulation  of the center 
mechanism  alone,  and  the  responses  of the center  and  surround  mechanisms are 
180 ~ out-of-phase. However, at high temporal frequencies, the center and surround 
mechanisms appear synergistic; the full-field response values are higher than either 
the  center  and  surround  values.  Also,  the  phase  lags  of the  center  and  surround 
mechanisms coincide at the temporal frequencies at which the full-field response is 
larger (i.e.,  16 and 32 Hz). 
W-like cells.  Unlike X- and Y-like  cells,  which appeared  to be similar in most 
respects  except  for  the  presence  of the  small  nonlinear  suhunits  in  Y-like  cells, o  -0.4  0) 
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FIGURE  13.  (a)  Temporal 
contrast  response  functions of 
the  entire  receptive  field  (cir- 
cles),  the center (triangles),  and 
surround  (squares) mechanisms 
of  a  Y-like  cell  (C41A).  The 
response  measure  was  the 
amplitude  of the  fundamental 
component.  All  values  were 
normalized with respect to one 
maximum  value.  The  stimulus 
configuration  was  the  same as 
in  Fig.  10.  The  contrast  for 
each stimulus was 13% and the 
number  of stimulus  presenta- 
tions per point was 30.  (b) Dif- 
ference in phase lag, relative to 
the  stimulus,  of  the  funda- 
mental  component  of  the 
responses  of  the  center  and 
surround  portions  of  the 
receptive field. Each value rep- 
resents  the difference between 
the  phase  lags  during  center 
stimulation  and  during  sur- 
round  stimulation  of  the 
receptive  field.  Spectral  classi- 
fication:  red-ow  center,  spec- 
trally nonopponent. 
W-like cells were a  class apart.  There  was so much variability across W-like cells that 
it is difficult to make general statements  about  them.  For the most part,  spatial con- 
trast sensitivity functions could be obtained from W-like cells and many of them had 
functions that were similar to X-like cells. That is, there were no indications that any 
W-like cell possessed  the small nonlinear  subunits  found  in Y-like cells. The nonlin- 
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FIGURE  14.  Spatial  contrast  sensi- 
tivity  function  of  a  W-like  cell 
(C22C).  The  response  measure  was 
the  maximum  response  minus  the 
minimum response. Stimuli consisted 
of gratings drifting at 2 Hz; the num- 
ber  of  stimulus  presentations  per 
point was 20. Sensitivity was obtained 
by interpolation  on  the response  vs. 
contrast  curves  to  find  the  contrast 
necessary  for  a  constant  response. 
Spectral classification: red-ON center, 
spectrally nonopponent. Bilotta and Abramov  Spatial Properties of the Goldfish Retina  1163 
ear responses of W-like cells must be due to some other aspects of the cell's mecha- 
nisms.  Fig.  14 shows  the spatial  contrast sensitivity function of a  W-like cell. The 
response measure was  maximum-minimum  and  the  stimulus  drift rate was  2  Hz. 
Note that at high spatial frequencies there was no indication of nonlinear subunits 
like those found in Y-like cells.  If present, these would certainly be apparent with 
the maximum-minimum response (compare with the Y-like cell in Fig.  11).  Some, 
but not all, W-like cells possessed the low frequency attentuation found in cells with 
an antagonistic surround (as in Fig. 14). As with X- and Y-like cells, the shape of the 
function for W-like cells with an antagonistic mechanism depended on the drift rate 
of the stimulus grating. 
DISCUSSION 
Spatial Summation 
This work has  shown  that  goldfish ganglion  cells can be classified as X-, Y-,  and 
W-like based on their spatial summation properties. Using the same criteria as for 
cat  X  cells,  goldfish  X-like  cells display linear  spatial  summation.  Goldfish Y-like 
cells, for the most part, are similar to cat Y cells in their response characteristics; 
both cat Y cells and goldfish Y-like cells respond to high spatial frequency, contrast- 
reversal gratings at twice the temporal modulation frequency at all spatial positions. 
The nonlinearities  of goldfish Y-like cells are  most likely due  to small,  nonlinear 
subunits,  as in cat Y cells (Hochstein and  Shapley,  1976b); this hypothesis is sup- 
ported by the fact that the nonlinearity is most apparent at high spatial frequencies 
where such small subunits are most responsive. Aside from this nonlinearity at high 
spatial  frequencies,  the  fundamental  component  of  the  Y-like  cell's  response 
behaves as in the X-like cell, suggesting that the organization of X- and Y-like cell 
receptive fields is similar, except that Y-like cells possess nonlinear subunits. These 
findings agree with what is known about cat ganglion cells (Enroth-Cugell and Rob- 
son,  1966; Hochstein and Shapley, 1976a, b). 
On the other hand, cat Y cells' and goldfish Y-like cells' responses are somewhat 
different when the contrast-reversal grating consists of low spatial frequencies. For 
goldfish Y-like cells, a spatial null point can be found if the grating is of low spatial 
frequency. Cat Y cells, however, display a slight doubling response at the midposi- 
tion of the receptive field; but, when the grating is shifted away from that position, 
the response is dominated by the fundamental component, as in goldfish Y-like cells 
(see Hochstein and Shapley, 1976a). Thus, although the nonlinear behavior of the 
cells in both species can be best explained by the presence of small nonlinear sub- 
units, there are qualitative differences in the subunits' properties. For the goldfish, 
at the null position of the center and surround mechanisms at low spatial frequen- 
cies, the subunit responses appear to be absent.  For cat Y cells, although a  "null" 
position can he found at low spatial frequencies for the center and surround mech- 
anisms,  the  rectifying subunits  are  still  responsive,  producing a  small response at 
double the temporal modulation of the stimulus. 
Victor and Shapley (1979) have suggested that the subunits in cat Y cells result 
from the  direct input  of bipolar cells.  It is  possible  that  differences between the 
species' subunits may be a reflection of the strength of the surround mechanisms of 1164  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  93  ￿9  1989 
their bipolar cells. The surround mechanism's antagonism to the center in goldfish 
bipolar cells (Kaneko, 1970) is much stronger than that found in the cat (Nelson and 
Kolb, 1983). Thus, at low spatial frequencies, stimulating both the centers and sur- 
rounds of the goldfish's subunits could result in no net response. The surrounds of 
these subunits  respond less to high spatial  frequencies, leaving predominately the 
subunits' center responses which would be like those from cat Y cells. 
The relationship between goldfish W-like cells and cat W cells is more difficult to 
determine.  Since it is  relatively difficult to  isolate  and  maintain  stable  responses 
from cat W cells, their spatial properties have not been studied in as much detail as 
those of X and Y cells. Also, because of the response variability across W cells in the 
cat,  it is difficult to specify common characteristics,  and  this category most likely 
contains a  variety of subclasses and characteristics (see Rodieck,  1979).  The same 
appears to be true for the goldfish W-like cells. The reason for the variability among 
goldfish W-like cells may be the  same  as  for similar  cells  found in  the  eel retina 
(Gordon and Shapley, 1978; Shapley and Gordon, 1978). Many goldfish W-like cells 
displayed response characteristics similar to the "not-X" cells found in the eel. To 
account for the responses of these "not-X" cells, Gordon and Shapley proposed a 
receptive field organization that is different from the center/surround organization 
of X  and Y cells. The receptive fields of these cells consist of two slightly overlap- 
ping  Gaussian  distributions  in  which  one  area  responds  with  ON-excitation,  the 
other with oFt-excitation. The degree of overlap of the areas varies from cell to cell, 
thus accounting for the inconsistency within this classification. It is also interesting 
to note that  some eel "not-X" cells displayed spatial  contrast sensitivity functions 
with low frequency attenuation. Gordon and Shapley (1978) attributed this finding 
to the possibility of a "silent surround" (see Barlow, 1953). Some of the W-like cells 
in the goldfish also displayed attenuation at low spatial frequencies. It is quite likely 
that many goldfish W-like cells and the eel "not-X" cells are similar in their recep- 
tive field organization. 
The fact that goldfish ganglion cells can be classified by their spatial summation 
properties confirms the  results  of Levine and  Shefner (1979)  and  Levine (1982) 
who found that goldfish ganglion cells could be divided into X-like and not-X-like 
classes based on their response to a  pinwheel of light that was  rotated to various 
positions within the center of the receptive field. The present work has elaborated 
on their findings by examining the nature of the nonlinearity of the not-X-like cells 
and by examining the linearity of the entire receptive field. These not-X-like cells 
can be subdivided into Y- and W-like based on their response properties. Despite 
the differences in stimuli across the studies, the proportions of the various cell types 
in both studies are similar.  Levine and colleagues found approximately two-thirds 
(64%) of their cells to be not-X-like. In this study, combining Y- and W-like cells into 
one "nonlinear" category, 79% of the cells were nonlinear. However, these percent- 
ages are much different than those found in the cat retina.  Cat X  cells constitute 
-45% of the ganglion cell population, while Y cells make up ~4-7% of the popula- 
tion (see Rodieck,  1979). 
On the other hand, the present findings are in disagreement with the findings of 
Spekreijse and van den Berg (1971) who found that all goldfish ganglion cells pos- 
sessed linear spatial summation. The discrepancies between the present study (and Biiotta and Abramov  Spatial  Properties of the Goldfish Retina  1165 
the work of Levine and colleagues) and Spekreijse and van den Berg (1971) proba- 
bly are related to the type of stimuli used. Spekreijse and van den Berg (1971) pre- 
sented a  checkerboard pattern in which a  square was sinusoidally modulated out- 
of-phase with an adjacent square; they were able to adjust the phase and contrast of 
each pattern to create a  "null" response from the ganglion cell. Our results show 
that the spatial frequency of the stimulus is crucial in the determination of the cell's 
spatial summation properties. For example, although a large checkerboard contains 
a large number of spatial frequencies, it has most of its power at low spatial frequen- 
cies. In this study, it was found that a stimulus consisting of low spatial frequencies 
was not sufficient to activate the small, nonlinear subunits, and under these condi- 
tions, the cell would behave linearly. It is quite possible that the stimulus used in the 
Spekreijse and van den Berg (1971) study was insufficient to examine the nonlinear 
subunits found in Y-like cells and thus, these cells would be classified as linear. It is 
possible,  to a  first approximation, to compare their stimuli with those used in the 
present study since they provide some of their checkerboard sizes.  In all of their 
figures in which cells display linear summation, the square widths are 0.35 ram.  It 
has been shown that the fundamental component of a  checkerboard lies along its 
diagonal at  1.41  times the pattern's spatial  frequency (see Kelly,  1976). Assuming 
one square represents one-half cycle and performing the necessary calculations, one 
obtains a value of 2.02 cy/mm. In the present study (e.g., Fig. 11), to clearly identify 
a  Y-like cell, a  grating of 3.05  cy/mm was  necessary (although occasionally a  cell 
would  show hints  of nonlinearity to  a  grating  of  1.52  cy/mm).  In  one  example 
where Spekreijse and van den Berg used counterphase-modulated, monochromatic, 
0.23 mm squares,  they could not null the cell's response. A  0.23 mm square con- 
verts to 3.07 cy/mm, a spatial frequency that would most likely activate a Y-like cell's 
nonlinear subunits. But, this explanation does not account for the absence of W-like 
cells in their findings. Perhaps it was due to the difficulty in identifying these cells. 
Using contrast-reversal gratings, we found W-like cells very difficult to classify, since 
they possessed X-like properties at some spatial positions but not others. 
In summary, it appears that the differences among the studies of spatial summa- 
tion of goldfish ganglion cells are due to the nature of the stimuli and the criteria 
used for determining linearity.  One  purpose of this study was  to examine spatial 
summation processing in goldfish ganglion cells using the same stimuli and criteria 
as used in work in other species, primarily cat. By using these techniques, we found 
that spatial summation processing in goldfish ganglion cells is similar to that of cat 
neurons. Regarding the relationship between a cell's spatial summation class and its 
spectral  properties,  there was  none.  That is,  an  X-like cell could be a  red-oN or 
red-OFF  center  cell  and  spectrally opponent  or  nonopponent.  This  relationship 
between the cell's spatial and spectral properties will be examined in detail in a later 
paper. 
Spatial Tuning 
The spatial filtering characteristics of goldfish ganglion cells are at least qualitatively 
similar to those of neurons in cat and monkey (Kaplan and Shapley, 1982). In most 
cases, the spatial filtering appears to be bandpass in that the neuron is most sensitive 1166  THE JOURNAL OF GENERAL PHYSIOLOGY.  VOLUME 93. 1989 
tO middle spatial frequencies and less sensitive to higher and lower frequencies. At 
low spatial  frequencies (and low temporal  frequencies) the cell's response is  pre- 
sumed to be the result of mutual antagonism between the center and surround por- 
tions of the receptive field. However, we have shown that the center and surround, 
under certain conditions, may be synergistic. This is demonstrated by examining the 
relative phase lags of the responses of center and surround mechanisms to a tempo- 
rally modulated  stimulus.  At  low temporal  frequencies,  the  center and  surround 
mechanisms are out-of-phase; thus, stimulating both areas produces a mutual antag- 
onism. However, as the temporal frequency of the stimulus is increased, the phase 
lags  of both  the  center and  surround  mechanisms  also increase, but at different 
rates.  It is possible, and was always found to be the case in this study, that there 
could be a  temporal frequency at which the center and surround responses are in- 
phase, resulting in an increase in response when the entire receptive field is stimu- 
lated. 
The phenomenon of center and  surround interactions changing with temporal 
frequency has been demonstrated in Limulus (Ratliff et al.,  1969), in cat lateral ge- 
niculate nucleus (LGN) and ganglion cells (Kaplan et al.,  1979), and monkey gan- 
glion cells (Gouras and Zrenner, 1979). This also explains the variation in the shape 
of spatial tuning curves at different stimulus drift rates (Enroth-Cugell et al., 1983). 
At high spatial frequencies, there is little or no change in the function with stimulus 
drift rate (at these frequencies there is only the response of the center--there is no 
interaction of center and surround). The most dramatic change in the shape of the 
function occurs at low spatial  frequencies (stimuli  to which both center and  sur- 
round mechanisms are responsive), where increasing the temporal frequency rate of 
the  stimulus  produces less attenuation.  Similar spatio-temporal  interactions  have 
been found in cat ganglion cells (Derrington and Lennie, 1982; Enroth-Cugell et al., 
1983; Frishman et al., 1987) as well as macaque LGN neurons (Derrington and Len- 
nie,  1984). 
Although  the spatial contrast sensitivity functions obtained from single neurons 
are similar in  shape across  the different species,  there are some differences. The 
most important difference is in the range of spatial frequencies to which the neuron 
is sensitive. Compared with the cat and monkey functions, the goldfish function is 
shifted to much lower spatial frequencies, implying that the goldfish has poor acuity 
and is unable to detect fine detail in its environment. This is not surprising since the 
goldfish typically lives in murky water. 
The high spatial frequency limit of the goldfish ganglion cells agrees with the psy- 
chophysically determined function of the goldfish (Northmore and Dvorak, 1979). 
However, there is a large discrepancy between the peak sensitivities of the psycho- 
physical and physiological measures. The peak of the physiological curve is shifted to 
much lower spatial frequencies than the behavioral function. It is not entirely clear 
why there is this discrepancy between the two measures.  One possibility is that the 
differences between the  functions are  a  result of the stimulus  used to derive the 
spatial contrast sensitivity functions. The psychophysical functions were determined 
with static, sinusoidal gratings while the ganglion cells' functions were derived from 
responses to drifting sinusoidal gratings. 
Another  apparent  difference between  the  goldfish and  other animals  is  in  the Bilotta and Abramov  Spatial Properties of the Goldfish Retina  1167 
similarity of the acuity limits of X- and Y-like cells.  In cat ganglion cells at any given 
eccentricity (Linsenmeier et al.,  1982), the differences in acuity limit between X and 
Y cells are much larger than in the goldfish. The spatial resolution of a ganglion cell 
depends on the size of its receptive field center (Cleland et al.,  1979).  It is hypothe- 
sized that in the area centralis of the cat (where neurons have the smallest receptive 
fields),  direct input from one bipolar cell constitutes  the receptive field center of a 
ganglion  X  cell.  Moving away from the  area  centralis,  the  receptive  field  centers 
become larger and therefore must receive more than one bipolar cell input, result- 
ing in poorer spatial resolution.  However, the goldfish retina possesses no area cen- 
tralis and is roughly uniform throughout (Schellart,  1973). Thus, each goldfish gan- 
glion  cell  probably  receives  a  similar  number  of direct  bipolar  cell  inputs  to  its 
receptive field center. The spatial resolution of each ganglion cell is too poor to be 
the result of a  single bipolar cell input to its center.  Therefore, goldfish X-like cells 
are  probably most  similar  to the  X  cells  found  in  the  cat peripheral  retina which 
must also have multiple bipolar cell input to their center mechanism. What is inter- 
esting is that, unlike the cat Y cells, the goldfish Y-like cells appear to have the same 
size  center  as  the  X-like  cells.  Thus,  although  the  spatial  resolution  of the  linear 
components of goldfish X- and Y-like cells is similar, the nonlinear subunits of Y-like 
cells, which most likely consist of single bipolar cell input (see above), are capable of 
resolving finer gratings than X-like cells. 
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